Disrupted patterns of behavior in natural populations as an index of ecotoxicity. by Peakall, D B
~~~~~~MRW ~ c .
Disrupted Patterns of Behavior
in Natural Populations as
an Index ofEcotoxicity
David B. Peakall
Monitoring and Assessment Research Centre, King's College London,
London, United Kingdom
This paper examines behavioral changes in natural populations of wildlife associated with
pollution. Although some changes such as lack of nest attentiveness and decreased nest defense
have been noted, the results have not been consistent and have been difficult to relate to specific
pollutants. Experimental studies involving lead, mercury, and organochlorine and organophos-
phate insecticides are described. Although changes in behavior have been observed, they are
generally more difficult to quantify and are less reproducible than biochemical changes. To date,
there is no clear evidence in wildlife that behavioral changes caused by pollutants are a serious
threat to populations. Environ Health Perspect 104(Suppl 2):331-335 (1996)
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Introduction
The instructions for this meeting stated
that "each of the papers should feature
four points. a) How did we get to the cur-
rent status of the topic? b) How can we
relate it to risk assessment? c) What are the
most useful current methods? d) What
methodological advances should we seek
to make a firmer connection with policy?"
The neurobehavioral toxicants considered
as key agents at the meeting were lead,
methyl-mercury, organochlorine pesti-
cides, and related compounds and sol-
vents. In this paper coverage is given ofthe
first three agents, and in addition some
consideration is given to the organophos-
phate pesticides.
This paper was prepared as background for the
Workshop on Risk Assessment Methodology for
Neurobehavioral Toxicity convened by the Scientific
Group on Methodologies for the Safety Evaluation of
Chemicals (SGOMSEC) held 12-17 June 1994 in
Rochester, NewYork. Manuscript received 1 February
1995; manuscript accepted 17 December 1995.
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Abbreviations used: DDE, dichlorodiphenyl-
dichloroethylene; AChE, acetylcholinesterase; PCBs,
polychlorinated biphenyls; ALAD, aminolevulinic acid
dehydratase.
Historical Aspects
Warner et al. (1) first suggested the use of
behavioral studies to assess the impact of
environmentally important agents. Studies
ofpharmacological agents had been carried
out earlier.
The rationale for behavioral studies con-
sists ofthree main points. First, the behavior
of an organism represents the final inte-
grated result of a diversity ofbiochemical
and physiological processes. Thus, a single
behavioral parameter is generally more com-
prehensive than a physiological or biochem-
ical parameter. Second, behavioral patterns
are known to be highly sensitive to changes
in the steady state of an organism. This sen-
sitivity is one ofthe key values for its use in
exploring sublethal toxication. Last, behav-
ioral measurements can usually be made
without direct physical harm to the organ-
ism. With aquatic animals especially,
implantation ofdetectors introduces prob-
lems ofconsiderable complexity. Behavioral
measurements can avoid this difficulty.
A great deal ofwork has been done on
fish with the objective of using behavioral
studies as part of the regulatory process
(2). Atchison et al. (2) concluded,
Behavioral toxicity tests can, if properly
designed, be used in conjunction with
the current standard tests to add ecologi-
cal realism to toxicant assessments, and
regulations can be made as an outgrowth
of the data collected. We do not see
behavioral tests taking the place of acute
lethality tests, chronic full, or partial, life
cycle tests, orearly life stage tests.
The progress that has been made toward
the use ofbehavioral tests in regulation is
discussed below.
One ofthe difficulties with putting eco-
logical realism into tests is that the behav-
ioral tests themselves often lack ecological
realism and are rarely carried out with the
target species. The two most sensitive indi-
cators ofsublethal exposure in fish are the
cough rate and the avoidance reaction.
While an increase in the cough rate can be
considered an adverse effect, it is hard to
quantify cough rate in relation to adverse
outcome; an increase in coughing by
humans may be caused by increased air
pollutants, but it would be hard to make
regulations on the basis of it. The avoid-
ance reaction could be a valuable defense
mechanism for fish. Indeed, Saunders and
Sprague (3) reported that Atlantic salmon
(Salmo salar) avoided areas contaminated
with copper and zinc. However, field stud-
ies are few, and Geckler et al. (4) found
that standard laboratory toxicity tests failed
to predict the avoidance response observed
in fish at copper concentrations that caused
no observable effect in the laboratory.
Field Studies of Behavioral
Changes Caused by Pollutants
Experimental studies have raised the possi-
bility that behavioral changes are caused by
pollutants, but the demonstration ofactual
effects under natural conditions is much
more difficult. Field studies may be divided
into two broad categories-those investi-
gating the effects ofcontamination that have
already occurred and those investigating
effects caused by adding a pollutant to the
environment as part ofthe study.
StudiesofPreeistingContmination
The major difficulty with field studies of
this type is to prove that the effect, once
demonstrated, is actually caused by the
chemical(s). This difficulty is illustrated by
the examination of a few of the available
field studies.
LakofNestAttentiveness
There were two series ofstudies on herring
gulls (Larus argentatus) in the Great Lakes
(5,6). These were detailed studies on incu-
bation behavior and an evaluation of the
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intrinsic and extrinsic factors by egg-
exchange experiments. An initial observa-
tion on the Great Lakes was that gulls
in the highly contaminated colonies in
Lake Ontario tended to readily leave their
colonies at the approach ofobservers. This
observation led to detailed studies on the
nest attentiveness ofherring gulls on Scotch
Bonnet Island at a time when reproductive
success was low (5). Dummy eggs that con-
tained devices to measure the core and sur-
face temperature and whether the egg was
covered were placed in the nest; these
dummy eggs could transmit this informa-
tion to a recorder. This battery-powered
recorder unit was capable ofoperating for
30 days without recharging. Fox et al. (5)
found that nest air temperature was lower
on Scotch Bonnet compared to a lightly
contaminated site (Kent Island, New
Brunswick). More important than the mod-
est decrease in mean temperature was the
fact that there was a significant number of
observations in which the temperature was
lower than the physiological zero on the
contaminated site. There was also a decrease
in the percentage oftime that the eggs were
incubated on the contaminated site com-
pared to the control site. It is difficult to be
certain ofthe cause; it is possible that ease of
obtaining food, rather than chemical conta-
mination, caused the difference between
nest attentiveness in the Lake Ontario and
marine colonies.
In Lake Michigan, where the colonies
were also highly contaminated, Ludwig and
Tomoff (6) noted that the gulls were more
aggressive than usual, although no details are
given. It is possible that colony size and the
history ofthe disturbance ofthe colony by
man are important in determining whether
birds readily leave the colony (P Mineau,
personal communication).
Egg-ExangeExperiments
Exchanges ofeggs are made between two
colonies, one oflow contamination (clean)
and one of high contamination (dirty).
Eggs are removed from the clean colonies
and placed under adults in the dirty colony,
and vice versa. The outline of the experi-
ment is in Table 1.
Table 1. Outline ofegg-exchange experiment.
Adult Egg Observation
Clean Clean Normal reproduction
Clean Dirty Intrinsic factors only
Dirty Clean Extrinsic factors only
Dirty Dirty Both intrinsic and
extrinsic factors
In concept, egg-exchange experiments
are simple enough, but in practice all sorts
ofcomplications occur. Obviously, it is nec-
essary to demonstrate that there are no seri-
ous effects from transportation. Then, the
timing ofbreeding can vary markedly from
colony to colony. In the Great Lakes herring
gull experiment (7), marked intrinsic and
extrinsic factors were noted in 1975, marked
intrinsic and some extrinsic factors in 1976,
and no effects at all were noted in 1978.
The reason for this apparent inconsistency is
that the reproductive success ofherring gulls
on Lake Ontario was improving rapidly
over this period.
Egg-exchange experiments have also
been carried out with the osprey (Pandion
haliaetus) (8). These workers found that
the hatching success of dirty eggs from
Connecticut was not improved by placing
them under clean adults in Maryland and
that clean eggs placed under dirty adults
hatched at their normal rate. Wiemeyer et
al. (8) concluded that the effects were
intrinsic to the egg.
Change in Nest Defense
Fyfe et al. (9) found that a decrease ofnest-
defense behavior of both prairie falcons
(Falco mexicanus) and merlins (Falco colum-
barius) was significantly correlated with
both the degree ofeggshell thinning and
egg residue levels in the eggs. Nest defense
of the adult was classified as aggressive if
one or both of the adults made direct
attacks on the intruding investigator, mod-
erate if one or both adults were vocally
aggressive but did not attack, weak ifboth
adults left the immediate area ofthe nest,
and absent ifboth adults were absent at the
time of the visit. These workers did not
attempt to evaluate the importance of
change in nest-defense behavior compared
to other pollutant effects in the decrease of
nesting success.
In another study of the effects of
organochlorines on nest-defense behavior
of merlins (10), only minor behavioral
changes were noted; these authors con-
cluded that changes in behavior are of
minor importance in the reproductive
failure offalcons associated with dichloro-
diphenyldichloroethylene (DDE) contami-
nation. The methodology used in this study
differed from that of Fyfe and co-workers
(9); it depended on the incidence ofstoop-
ing and vocalization during a mid-incuba-
tion visit and the response ofthe adults to a
tethered merlin or other hawks. It appears
that the criteria ofFox and Donald (10) are
largely a subdivision ofthe Fyfe et al. (9)
aggressive category, which may account for
the differences between the two studies.
Behavioral Component
ofEggBreakage
Eggshell thinning induced by DDE has
been shown to be an important factor in the
decline ofseveral species ofbirds ofprey,
especially the peregrine (Falcoperegrinus). It
has been demonstrated for a wide spectrum
ofpopulations ofperegrines that eggshell
thinning ofmore than 17 to 18% is associ-
ated with population declines (11). Ratcliffe
(12) stated that "the implications are that,
in the British peregrine, which has suffered
a 19% decrease in eggshell thickness, some
of the breakage may be behavioral and
[may] occurwithout prior mechanical dam-
age as a stimulus." This opinion was based
on observations ofthe grey heron (Ardea
cinerea) by Milstein et al. (13). Although
this paper is widelycited, the observation of
deliberate breaking ofeggs was confined to
one nest. In this nest, 21 eggs disappeared,
and only 2 ofthese were actually observed
to be destroyed by the male.
Studies on the peregrine have failed to
reveal firm evidence ofbehavioral abnor-
malities. Time-lapse photographic records
were made of seven eyries in Alaska in
1970 (14). Enderson and co-workers (14)
used battery-powered, time-lapse motion
picture cameras to take pictures about
every 3 min; the film cartridges needed to
be replaced every 6 to 7 days. Even so, it
was a full-time job to replace the film car-
tridges as the eyries were widely separated
and the terrain was difficult. In two ofthe
nests, the eggs broke but no evidence of
abnormal behavior was observed. The other
five nests were successful. In all, some
70,000 pictures covering 4,200 hr were
obtained. One ofthe drawbacks ofthis type
ofexperiment is the time taken to analyze
the data.
Observations from a blind, totaling over
300 hr, were made on 12 clutches ofpere-
grines in British Columbia between 1968
and 1972 (15). Of these 12 clutches, 4
clutches lost single eggs, apparently by
breakage, but no abnormal behavior was
observed. Although 300 hr is alotoftime to
spend sitting in a blind, it is only 25 hr per
dutch out of400 hr ofdaylight during the
incubation period.
Conclusion
While much interesting information has
been accumulated by these studies, the
evidence is weak that behavioral changes
are important factors in adverse effects on
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wildlife caused by pollutants. Even where
behavioral changes have been identified, it
has rarely been possible to relate these to
an adverse effect; it is even more difficult
to make the linkage to a specific chemical
or chemicals.
Experimental Field Studies
When a wild population is experimentally
exposed to known chemicals, it is possible
to establish a cause-and-effect relationship
rather than mere correlations. Nevertheless,
there are serious difficulties in carrying out
such experiments. The first difficulty is
finding an acceptable way ofexposing the
target organism to the pollutant. Animals
are normally contaminated through diet,
but this is difficult to use. Tethering of
contaminated prey was used by Enderson
and Berger (16) in studies on falcons, but
it is doubtful if this technique would be
acceptable to present day animal-care
committees. Injection has the advantage
of containing the pollutant, although
some may be excreted, but is an entirely
unnatural route. Dosing per os to simulate
dietary intake has been used for experi-
ments on the effects of oil on seabirds
(17), and implants of tubes containing
polychlorinated biphenyls (PCBs) (18)
have been employed to allow slow release.
However, none of these studies had a
behavioral component.
The second major difficulty is that of
making detailed observations. Handling the
animals and submitting them to carefully
calibrated tests is likely to cause so much
disturbance that there will be serious effects
from this cause alone. Remote observation,
either from a hide or by camera, is also
difficult. Subtle behavioral changes are
difficult to observe, let alone quantify, and
a large amount of labor is involved with
either sitting in a hide or examining large
rolls offilm.
Last, there is the problem of relating
any changes observed to adverse effects.
Even if significant changes are observed
and adverse effects are demonstrated, it
still remains to be proven that the behav-
ioral changes are caused directly by the pol-
lutant rather than by other changes, such
as physiological changes.
No experimental studies appear to have
been made in the field involving lead,
methylmercury, or organochlorine pesti-
cides in birds. The best experimental studies
are those involving the organophosphorus
and carbamate pesticides. In this case, oper-
ational usage allows experimental studies to
be made.
Experimental Studies on
Wildlife Species Using
KeyAgents
Lead
A series ofstudies have been made on post-
natal development ofthe herring gull and
the common tern (Sterna hirundo) by
Burger and Gochfeld (19-21). In the her-
ring gull experiments (19), 1-day-old chicks
were brought into the laboratory and given
a single injection oflead nitrate. The behav-
ioral tests examined balance, begging, loco-
motion, righting, and visual cliff. Although
on most days behavior (begging, balance,
and righting responses) did not differ
significantly, over the entire period control
birds performed better on more days than
experimental birds. Individual recognition
was delayed in a dose-dependent manner by
injected lead. The residue levels of lead
associated with this treatment were given in
a subsequent paper (20).
A wider range ofdoses was used in the
experiments on terns (21). Single injec-
tions of0.2 to 1 mg/g were given to 3-day-
old chicks. The highest dose caused 50%
mortality. Using two injections 4 days
apart, 100% mortality was caused by injec-
tions of0.3 mg/g, whereas with injections
of 0.2 mg/g, the mortality was only 20%.
The injected route ensures that the dose is
delivered to the bird but bears no relation to
the natural route ofexposure. These workers
found that behavioral tests were affected in a
dose-dependent manner, and some effects
were seen at the lowest dosage used, which
was a fifth ofthe LD50.
The difficulty with these types ofexper-
iments is that it is impossible to relate the
behavioral changes to any adverse effects
on the population as a whole. It can only
be assumed that a behavioral change is
likely to be detrimental to the survival of
the individual. Testing this hypothesis
would be difficult. As stated earlier, making
detailed observations, either from hidden
sites or by remote-control cameras, is time-
consuming compared to laboratory experi-
ments. The major difficulties are avoiding
observer-disturbance effects and having a
large enough sample size to overcome the
high natural mortality.
Methylmercury
The most detailed study has been that of
Heinz (22), who exposed mallard ducks
(Anasplatyrhynchos) for three generations to
low levels (0.5 ppm) ofdietary methylmer-
cury. The behavioral tests studied were
approach responses ofducklings to maternal
calls, avoidance responses to a fright stimu-
lus, and open-field activity. Additionally,
reproductive parameters were measured.
Ducklings from parents fed methylmercury
were less responsive than controls to mater-
nal calls, showed a greater response to the
fright stimulus, and displayed no significant
differences in locomotor activity in the
open-field test. No differences were found
between the responses ofthe first, second,
and third generation. This correlates with
the fact that residue levels ofmercury did
not increase from generation to generation.
Some effects were also seen on reproduc-
tion; mallards exposed to methylmercury
laid a greater percentage of their eggs
outside their nests, laid fewer eggs, and
produced fewer ducklings. Overall, there
was a statistically significant reduction of
ducklings raised in the group exposed to
mercury compared to controls.
Since the experiment was carried out in
the laboratory, the behavioral changes
observed would not have affected repro-
ductive outcome. Thus, the reductions
seen were the direct effects ofthe methyl-
mercury; the additional effects that might
have been caused in the wild by the behav-
ioral effects cannot be ascertained. Heinz
(22) concludes,
The tissues and eggs of ducks and other
species ofbirds collected in the wild have
sometimes contained levels ofmercury
equal to or far exceeding the level I found
to be associated with reproductive and
behavioral aberrations. Therefore, it is
possible that reproduction and behavior
of wild birds has been affected by
methylmercury contamination.
Cholinesterase Inhibitors
Although not one ofthe key agents consid-
ered at the meeting, the cholinesterase
inhibitors (organophosphorus and carba-
mate pesticides) are included here because
adverse effects are possible, and some field
experiments have followed the operational
use ofthesechemicals.
The inhibition of the enzyme acetyl-
cholinesterase (AChE) has been clearly
related to the mode of toxicity oforgano-
phosphates and carbamates, and the degree
ofinhibition has been related to mortality.
In avian species, at least, mortality has been
related to 50% chronic or 80% acute inhi-
bition ofAChE (23). Inhibition ofAChE
is used as the diagnostic tool to ascertain
toxicity of these pesticides; thus, it seems
reasonable to relate behavioral changes to
the degree of inhibition in order to deter-
mine the relative sensitivity of the two
approaches. In a previous review (24) it
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was concluded that "for organophosphates
the evidence is clear-cut that cholinesterase
inhibition is a more sensitive and more
readily determined parameter ofexposure
than are behavioral changes." In a recent
paper, Hart (25) discussed experiments on
starlings (Sturnus vulgaris) exposed to
chlorfenvinphos, and also reviewed the
field in some detail. He examined the
thresholds for behavioral effects and con-
cluded that quantitative changes ofbehav-
ior have been observed at 50% reduction
ofAChE activity, but not at 25% reduc-
tion from normal levels. Hart considered it
unlikely that the relationships established
between AChE activity and behavior in the
laboratory could be used as reliable predic-
tors of effects on wild birds. His main
reservation was that behavior in the wild is
adaptive and context dependent. Hart con-
cluded that "studies ofcaptive and free-liv-
ing birds provide general support for the
proposition that a change in behavior can
be expected when brain AChE activity falls
below about 50% normal."
Summation
Three points were put forward by Warner
et al. (1) as the rationale for behavioral
studies: a) a single behavioral parameter is
generally more comprehensive than a phys-
iological or biochemical parameter because
it represents the final integrated result of a
diversity ofbiochemical and physiological
processes; b) the sensitivity of behavioral
patterns is one ofthe key values for its use
in exploring sublethal toxication; and
c) behavioral measurements can usually
be made without direct physical harm to
the organism.
While it is true that a single behavioral
parameter is more comprehensive than
physiological or biochemical parameters, it
is the complexity of the behavioral
responses that seems to have caused the
major difficulty in quantifying them so
that they can be used to assess pollution
effects. The second point has not with-
stood the test of time: in general, behav-
ioral effects have not been shown to be
more sensitive than measurements of bio-
chemical or physiological processes and,
further, they tend to be more time con-
suming and less reproducible. The last
point, that behavioral measurements can
usually be made without directly harming
the organism, certainly seems to be forward
looking. Therehas been increasing emphasis
on nondestructive testing in recent years. A
recent symposium has been devoted to
nondestructive biomarkers in vertebrates
(26); however, behavioral biomarkers are
given only one brief mention in the
concluding chapter.
It seems likely, especially in higher
organisms, that other pathways and strate-
gies can be used to overcome the damage
done by chemical insult. This seems to be
particularly likely when the behavior stud-
ied is vital to the organism. For example,
experiments on the prey-capturing ability of
American kestrels (Falco sparverius) dosed
with the organophosphate acephate failed
to show any effect, either alone or in com-
bination with DDE, despite the fact that
40% inhibition ofserum cholinesterase was
observed (27).
There has been the feeling that subtle
behavioral changes in wild populations
could cause serious effects at low levels of
pollutants, which did not have effects on
mortality or reproduction. This concern
has been the driving force for many stud-
ies. So far, these fears appear to have been
groundless. To date, behavioral tests on
wild species have not been used in regula-
tions to provide data to be used in risk
assessment. Tests are most advanced for
aquatic organisms. In examining the effects
ofpollutants on wild populations, methods
will certainly have to be tailored to the
specific problem being addressed. The bal-
ance between operant tests, which are easy
to control but difficult to interpret, and
more realistic tests that are difficult to con-
trol is not an easy one. Perhaps the best
way forward here is to determine, using
operant tests, ifeffects are seen at environ-
mentally realistic dosages before proceed-
ing on to more complex tests. In view of
the likelihood that higher organisms can
compensate for chemical insults when a
vital behavioral function is involved, a
move toward using less complex organisms
might be advantageous. Two possibilities
would be the signaling behavior of bees
and the web-building ofspiders. The latter
is discussed in more detail by Cohn and
MacPhail (28). A detailed comparative
study, covering a wide range ofphyla, on
the behavioral effects of a single chemical
(probably an acetylcholinesterase inhibitor)
would be valuable. Even in laboratory
studies, we have a long way to go before
behavioral studies can be used for regula-
tory purposes. It is important that all
behavioral-studies of the effects ofpollu-
tants be related not only to dose but also
to residue levels so that the effects seen can
be related to levels found in nature.
Further, it would be valuable ifbehavioral
changes were linked to biochemical bio-
markers. There is a movement toward
using biochemical biomarkers in regula-
tory processes; already, dioxin equivalents
have replaced the determination ofdioxins
themselves. The following biomarkers are
proposed as being well enough established
to be used for comparison with behavioral
changes: organophosphates and carbamates,
inhibition ofAChE; lead; inhibition of
aminolevulinic acid dehydratase (ALAD);
organochlorines, induction ofmixed func-
tion oxidases (including the calculation of
dioxin equivalents); and, for petroleum
hydrocarbons, the induction ofmixed func-
tion oxidases as well.
Malins and Ostrander (29) state that
"behavioral toxicology continues to receive
modest attention among aquatic toxicolo-
gists." Nevertheless, even a condensed
review ofbehavioral toxicology requires a
book on the scope ofthe current workshop.
Here I will conclude with a briefreview of
recent statements covering a number ofdif-
ferent phyla. Doving's (30) review ofani-
mal behavior as a method to indicate
environmental toxicity concludes that
"behavioral toxicologywill gain momentum
in the years to come." He considers that
the behavior offish larva (despite the broad
title the review is devoted exclusively to fish)
should be given top priority. Another review
on fish (31) concludes, "There is a strong
need for interdisciplinary studies focusing
on a few substances and a few selected fish
species." Haynes (32) focused on the sub-
lethal effects of neurotoxic insecticides on
insect behavior. He stated in his concluding
remarks that "neurotoxic insecticides may
adversely affect all elements ofthe behav-
ioral repertoires of insects at doses much
lower than the lethal dose," but he did not
give any specific examples. Indeed, he stated
that "there have been few detailed studies
concerning the potential behavioral effects
ofsublethal doses ofinsecticides." To finish
oni a more optimistic note, Janssen et al.
(33), discussing the behavior offreshwater
rotifers, concluded that "it can be stated that
toxicant induced changes in the swimming
and feeding behavior are reflected in the
demographic parameters at approximately
the same toxicant levels" and that "the time
needed to perform routine chronic toxicity
tests could be dramatically reduced while
still retaining its ecological relevance."
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